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SUMMARY 


Results of analysis for determination of the nominal stability 
Margins , of the thrusting flight attitude control system, for the 
Apollo CSM spacecraft are given- The stability margins are presented 
for both the pitch and yaw control channels, using both the Primary 
Guidance and Navigation System Digital autopilots and the Stabiliza- 
tion Control System analog autopilots. Analyses were performed for 
the spacecraft in the docked and undocked configurations, and for 
various SPS propellant load conditions in each configuration. 

INTRODUCTION 

This stability analysis was performed for the Apollo CSM space- 
craft autopilots used during Service Propulsion System (SPS) 
thrusting maneuvers. The autopilots used for this function are called 
the Thrust Vector Control Digital Autopilot (TVC DAP) and the Stabili- 
sation and Control System (SCS). Each autopilot system analyzed 
required separate forward loop compensation and gain constants for the 
CSM alone and the CSM/LM docked configurations. Figure 1 gives the 
general functional flow for the TVC DAP. The filters used with the 
TVC DAP were for the COLOSSUS I flight program, A general functional 
flow of the SCS autopilot is presented in figure 2, 

The purpose of this analysis was to compute the nominal Apollo 
spacecraft stability margins using the bending data of reference 3. 

A detailed tabulation of all the data used in the analysis is 
presented for reference. A concentrated effort was made to combine 
this data correctly in the mathematical model being used for the 
detailed airframe dynamics, including all significant coupling between 
bending modes, sloshing propellant modes, and the SPS engine actuation 
servo. Spacecraft stability margins were computed for both the pitch 
and yaw channels, for the docked and undocked spacecraft configura- 
tions, and for various SPS propellant loads. 

The general layout of this report is as follows. There is a 
short discussion of the spacecraft math model, with appropriate refer- 
ences to data used, followed by a description of the analysis tech- 
niques. This is followed by a detailed discussion of the analysis 
results and a statement of conclusions. 

A similar analysis using more recent Apollo bending data and also 
presenting an analysis of the COLOSSUS II TVC DAP is documented 
in another internal note, reference 11. 
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Spacecraft Model 

The spacecraft dynamical model -was programmed on the CDC 3800 
digital computer. The digital programs used in deriving the spacecraft 
transfer function were AIRFRAME and POLYMES. These programs are 
documented in reference 8. The equations of motion in program AIRFRAME 
are written for a single axis spacecraft model including equations for 
an engine mode,, a rigid body mode, an actuator model, structural 
bending modes and slosh modes. The program AIRFRAME computes coeffi- 
cients for the differential equations from pertinent input data. These 
coefficients are then input into the POLYMES program which solves for 
the S-plane transfer function." The transfer function is then inserted 
into a general control systems program for analysis. A description of 
the control systems program used in this analysis is given in refer- 
ence 9* This program has the capability of performing Z- transforms, 

W- transforms, frequency responses, plotting, block diagram manipula- 
tions, and a limited amount of time domain analyses. 

Input parameters used in the analysis for various fuel loadings 
and configurations are presented in Table I. Definitions of symbols 
in this table may be found in Table II. The data was the latest 
available at the time the analysis was performed. 

Actuator, servo electronics, and engine data were obtained from 
reference 1. The airframe mass and inertia data were obtained directly 
or calculated from data in references 2 and 3. The latest available 
mass properties data were used. Due to the modeling of the airframe 
equations, masses of the sloshing propellant and the engine were input 
separately from the airframe. This removal causes shifting in the 
airframe center of gravity; therefore, data dependent on the c.g. 
location would be slightly different from the data presented m the 
references. This same procedure was true in simulating the airframe 
and engine inertia. 

Sloshing propellants in the SPS storage and sump tanks were 
treated as linear spring mass systems. Sloshing m each tank is 
characterized by a slosh mass, a slosh frequency, and a slosh mass 
attach point which are functions of the tank geometry, fluid levels, 
and acceleration. Sloshing effects in the SPS sump tanks are negligi- 
ble when there is fuel remaining in the storage tanks; therefore, sump 
tank sloshing was not simulated when using a CSM configuration with 
propellant m the storage tanks. Slosh damping ratios were assumed 
constant (.0007) for this analysis. The CSM sloshing data was obtained 
directly (or calculated when not available) using references 2 and 3. 
This data was derived from mechanical analogies of the fluid motions. 
The mechanical models were designed to produce the same forces and 
moments on the vehicle as the fluids produce during disturbances, and 
at the same frequencies at which the fluids respond. 



3 


EM propellant slosh data was determined from curves in refer- 
ence 4. These curves were calculated from actual LM tank models and 
verified experimentally. The slosh masses for the Eli ascent and 
descent tanks were also treated as linear spring mass systems in this 
stability analysis. 

The CSM/liM dynamic characteristics are sufficiently different 
from those of the CSM alone to require the use of separate primary 
control system digital autopilot (DA?) filters for each configuration 
and separate backup, continuous data control system filters for each 
configuration. These four separate control system filters are 
described below. The digital filter used with the CSM/LM TV DAP is 
a seventh order filter of the form: 


-1 -2 -3 -4 -5 -6 

1 + EL z + N z + w z + Nj z + ELz + EL-z + EJ„,z 

D(s) = K i 2 1 L_. 5 6 7_ 

z -i _2 -u -5 -6 

1 + kz + D 2 + 0 + Dj z + D z ^ + D^z 

1 2 3 4 5 6 


The coefficient values are as follows: 


\ ± = - 2.9708 

d 1 = -4.7798977 

r 2 - 3.1947 

d 2 = 9.4452763 

r = - 0.4096 

d 3 = - 9.8593475 

\ k = - 2.5780 

D^ = 5.7231811 

L = 2.9629 
5 

D c = -1.7484250 

\ 6 = - 1.5101 
r 7 = 0.3124 

d 6 = 0.21933335 


This filter is for the COLOSSUS I DAP of reference low band- 
width mode. This mode has a sampling frequency of 12.5 samples per 
second and is initiated six seconds after thrust initiation. The gain 
factor associated with the filter varies in inverse proportion to the 
vehicle gain TL^/l, so that a constant frequency bandwidth can be 
maintained during a burn. For this filler, the gain relationship was 
K (T1 /lAVCr) = 1.80 x 10“ 3 l/sec . 

Z X 
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T - thrust of vehicle, lbs. 

l x - distance from engine gimbal point to vehicle e.g., ft 

XAVG- - average spacecraft pitch and yaw moment of inertia, 
slug-ft 2 . 


The values of K z used for the various fuel loadings may he found 
in Table I. 

The CSM alone DAP filter is a third order filter of the following 

form: 


D(z) K, 


N Q + + N 2 z ~ 2 + S^z" 3 

D a + D-.z *' 1 + D 0 z “ 2 + D z ~ 3 
U -L d $ 


The coefficient values are as follows: 


N = -1.480247 
N 2 = 0.553559 
n 3 = -0.057085 


D = -2.062524 
D 2 = I.56566I 
d 3 - -o.4ou6o 


This filter has been defined in reference 6. A sampling 
frequency of 25 samples per second was used with the following gain 
factor, K z (Tl y /lAVG) = 8,4. Calculated values of K z for various fuel 
loadings may be found in Table I. 

The forward loop cascade compensation for the CSM/lM autopilot 
of the backup control system is as follows: 
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This filter was given in reference 7. Feedback loop configura- 
tion and gains are defined in figure 2 . The forward loop compensation 
for the CSM alone configuration was given in reference 1 and is defined 
as follows (see figure 2 for loop gains): 


1 


So 


2 


. 2.0s 

+ "nr 


+ 1 


Analysis Techniques 

The frequency response method of analysis vas used in determining 
the stability margins of the various spacecraft configurations. The 
essential feature of the frequency response method is to determine 
amplitude and phase shift of the control variable that is produced for 
assumed unit amplitude sinusoidal forcing functions, for all frequen- 
cies. When the feedback is in phase with the forcing function, with 
an amplitude of unity or greater, the system is unstable. 

The sinusoidal transfer function, written in terms of the Laplace 
operator, s, is a complex function of the complex variable s, and its 
response can be represented by a magnitude and phase angle (Bode plots). 
The same data can also be displayed on one plot by plotting amplitude 
versus phase, which is the method chosen in this analysis. These 
curves are a plot of the magnitude in decibels versus phase shift, on 
rectangular coordinates, with frequency as a varying parameter on the 
curve. The choice of this data format provides ease in determining 
stability margins explicitly from the data plots and clearly defines 
amplitude and phase relationships of the slosh and bending resonances. 

Stability characteristics of a system may be specified in terms of 
gain margins and phase margins. Gain margin is the amount by which 
the gain of a particular branch may be allowed to increase before 
producing instability. Using figure 5 as an example, the gain margin 
is determined from the plot by the gain increase in decibels (5.8 db) 
required to produce unity amplitude (zero db), for the _ frequency where 
the phase angle is 180 degrees (l80 instead of zero because there is 
phase reversal by the controller). The crossover point must occur 
below the 0 db coordinate for the system to be stable. 
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Phase margin is the amount of phase shift that would produce 
instability at the frequency where the curve crosses the 0 db 
coordinate. Again, using figure 5 as an example, the phase margin 
would be the angle (hi. 3' degrees) between the (0 db, l80°) point and 
the curve intersection of the 0 db coordinate. This condition derives 
from the fact that the planar airframe transfer functions under study 
here have tiro free roots at the origin but no poles in the right half 
plane, Nyquist stability criteria dictates that the frequency response 
plots should pass to the right of the l8o degree line when amplitude is 
passing through unity. 

In the CSM/LM transfer function, each significant bending and 
slosh mode results in a complex pole-pair that is immediately preceded 
by a complex zero-pair. This same zero-before-pole configuration 
occurs in the CSM alone except for the full case, which is discussed 
further in the discussion section of this report. Each pole-zero pair 
produces a closed contour in the gam-phase which must be prevented 
from encircling the 0 db, l80° point. In the Apollo CSM spacecraft, 
all the zero-pole pairs of slosh and bending occur at frequencies above 
the mam crossover frequency; therefore, any potential encirclement of 
the 0 db, 180° point would have to be the result of the resonance peaks 
produced by the airframe or actuator dynamics. The resonance peaks 
may be prevented from reaching the 0 db line by attenuation in the 
autopilot filter, or they may be "phase compensated" to prevent resonant 
peaks that are greater than 0 db from encircling the 0 db, 180° point. 
Both of these approaches were used by the designers of the Apollo 
spacecraft autopilots. These techniques are referred to as gain 
stabilization and phase stabilization respectfully. 

Control of the spacecraft with the primary control system involves 
the use of a sampled-data system. The frequency response methods just 
described were developed for continuous systems; therefore, approxima- 
tions would have to be made or some other techniques applied for 
analysis of sampled-data system. All significant poles and zeros of 
the spacecraft configurations studied occurred at frequencies that were 
well below half the sampling frequency of the digital autopilots; 
therefore, as a first order approximation it would have been possible to 
treat the digital autopilot dynamics as if it were a continuous system. 
The gain-phase frequency response analysis m the S-plane could then 
have been applied. Another approach is the conversion of the continu- 
ous plant transfer function into a pulse transfer function and then 
transforming to a complex variable domain where continuous-data system 
analysis methods could be applied. The mapping of a sampled-data 
system transfer function into the W-plane is a method using this 
approach. Sampled-data systems, normally described in the Z-plane, 
may be mapped into the W-plane by the bilinear transformation j 

Z - - + This maps the unit circle of uhe Z-plane into the entire 
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left half of the W-plane and the characteristic polynomials in Z are 
are then converted into polynomials in W of the same order. This 
approach produces a frequency response curve for the pseudo frequency, 
Im(w) , that is shaped exactly like the S-plane version, at frequencies 
well below the sampling frequency, unless frequency folding effects 
were predominant. This technique has the advantage of being exact, 
and so the W domain approach was used for this analysis. 


The reader is referred to reference 10 for a complete development 
and discussion of the analysis techniques discussed only briefly above. 
One final comment is that real frequency (ib) is related to the pseudo 
frequency, ImW, by the following relationship: 

li/T 

ImW ~ v = tan — where T = sample period. 


Similarity of the gain-phase plots in the S and W planes for the 
spacecraft dynamics transfer function are shown in figures 3 and 4 
respectively. The two curves are almost identical except for. the 
additional phase lag that is evident in the W-plane curve. This phase 
lag is more pronounced at the higher frequencies. Also, if any signif- 
icant frequency folding effects had been present, the curve shapes 
would be different at the lower frequencies. 


The continuous transfer function used to derive the S-plane gain- 
phase plot of figure 3 is given in the root format as follows: 


Zeros 

Beal Roots 
-5.00000000+01 
Complex Roots 


Poles 

Real Roots 
-1.95434341+01 
Complex Roots 


G~ uj 


<r 


'to 


9.17752-03 

-3.003204-02 

-1.931401-03 

-7.359942-02 

-2.652156-03 

-6.961588.02 

-2.448523-03 


2.377714+01 

8.762565+00 

2.753396+00 

1.500616+01 

3.751637+00 

1.395664+01 

3.431595+00 


-2.685049+01 

-6.626550-02 

-2.447407-03 

-7.584050-02 

-4.810113-02 

-1.935042-03 

-1.046241+01 

-2.652452-03 


9.785229+01 

1.418702+01 

3.453910+00 

1.532712+01 

1.303733+01 

2.766611+00 

1.296920+01 

3.756677+00 



Gain 


8 


Roots at Origin 

3 » 28997959+03 ' 2 


The converted transfer function in the W-plane is given belov, in 
the root locus format, for comparison: 


Zeros 


Poles 


Real Roots 


Real Roots 


-1 . 01^12250+00 - 6 . 53702777-01 

9.40818782+00 
1.00000000+00 


Complex Roots 


Compley Roots 


-9.597832-01 

-3.859638-03 

-1.044968-04 

-1.144988-03 

-1.051548-04 

-1.550528-04 

-7.666606-05 

-4.303621-03 


2.218605-01 

6.245523-01 

1.381281-01 

3.657608-01 

1.512049-01 

1.495727+00 

1.105851-01 

6.845458-01 


-9.673757-01 

-3.727558-03 

-9.978886-05 

-4.535049-03 

-2.559173-03 

-7.835739-05 

-4.991610-01 

-1.085303-04 


2.288524-01 

6.374135-01 

1.390422-01 

7.035109-01 

5 . 745435-01 

1.111184-01 

4.581694-01 

I.5i4o84~oi 


Gain 


Roots at Origin 


4.33835984-05 


2 
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DISCUSSION 

The stability analysis results presented in this discussion 
include both S- and W-plane frequency response data displayed 'by the 
graphical gain versus phase method. The W-plane technique is used for 
the sampled-data TVC DAP and the S-plane is used for the continuous- 
data SCS autopilot. 

As an aide in reading the plots, numbers are used to indicate 
consecutive points on opposite sides of the page where plotting 
discontinuities occur due to use of a total phase range of only 3&0 
degrees. The frequency parameter is identified near 0 db coordinates, 
l80° coordinates, and resonance peaks. 

Figure 4 through 19 gives the gam-phase plots in the pitch and 
yaw control channels of the CSM/LM, m a docked mode, for the following 
SPS propellant loadings: full load, half-full load, quarter-full load 

and CSM 104/LM-3 load. These plots are given for the CSM/LM TVC DAP 
in the W-plane. Each case contained three slosh modes and the first 
three spacecraft tending modes. The propellant and spacecraft weights 
used in the CSM-lOU/lM-3 configuration are approximate weights which 
are based on the mass properties published in reference 2 for the 
CSM-103/LM-3 configuration. 

A gain-phase plot of the uncompensated spacecraft system precedes 
each compensated plot for comparison purposes. The stability margins 
for this set of cases were found to be quite similar. Gain margins 
varied from 5.8 db for the full case (figure 5) to 5.1 db for the 
quarter-full cases (figures 13 and 15). The phase margins were also 
nearly constant varying from a low 4-1.2 degrees for the half-full cases 
(figures 9 and ll) to a high of 41.5 degrees for the quarter-full cases. 
The margins in the pitch and yaw channels were the same to the nearest 
tenth of a decibel (or degree) except in the full cases, where the yaw 
channel gain margin was 0.2 db lower than the pitch channel. The 
quarter-full loadings were the only cases to have resonance peaks above 
the -7 db coordinates. The first slosh modes on these two plots 
(figures 13 and 15 ) are approximately -2 db. Figures 13 and 15 demon- 
strate that there would have been ample phase margins had these 
resonant responses crossed the 0 db line. All bending modes for the 
above cases were attenuated to a minimum of 70 db below the amplitude 
required for instability. Although the rigid body gain margins are 
somewhat smaller than expected, they are judged to he adequate due to 
only minor uncertainty in the math model data that affects these margins. 
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CSM/IiM SCS autopilot; gam-phase plots in the S-plane are given in 
figures 20 through 27. These plots are for the same set of propellant 
loadings used with the TVC DAP. The SCS analysis was also performed 
for the spacecraft pitch an'd yaw control channels. The slosh and 
bending modes were phase-stabilized for this autopilot; therefore, for 
some propellant loadings the modes peaked above the 0 db coordinate at 
or near the resonance frequencies. The rigid body gain margins varied 
from 13 db for the quarter-full loadings (figures 2^ and 25) to 24 db 
for the CSM-104/LM-3 loads (figures 26 and 27). Rigid body phase 
margins remained nearly constant varying from 44 degrees to 47 degrees. 
The first slosh modes peaked above 0 db m all cases except the full 
load cases (figures 20 and 2l) which had resonance peaks to -4 db with 
ample phase margin if crossover would have occurred. The first and 
second slosh modes of the quarter-full cases peaked above 0 db in both 
the pitch and yaw channels. The phase margins for the first slosh 
modes of these loadings were approximately 10 degrees in both channels. 
Second mode margins were larger with 33 and 40 degrees of margin in 
both channels. These first slosh mode phase margins are considered to 
be lower than desirable, but acceptable due to the extremely slow 
divergence rates associated with unstable sloshing in the Apollo space- 
craft. The first slosh mode phase margins for the half-full cases were 
20 degrees (figures 22 and 23). CSM-104/IM-3 first slosh modes were 

quite large at a 68 degrees. The first bending mode m the pitch 
channel of the quarter- full case vas the only bending mode to peak above 
0 db having a phase margin of 120 degrees. The first bending mode in 
the pitch channel of the other cases peaked to approximately -5, but in 
each case the phase margin, if it had peaked above 0 db, would have been 
quite large. 

A stability analysis was performed in the pitch and yaw channels 
of the TVC DAP, and SCS autopilot, for the CSM alone, with propellant 
loadings of full, half-full, and quarter-full. Figures 28 through 39 
give the uncompensated and compensated gain-phase plots for these 
loadings. The plots are frequency responses in the W-plane. Each case 
included one slosh mode and three bending’ modes. The rigid body 
margins varied from 9 db to 11 db and the phase margins remained nearly 
constant at 49 degrees. The pole-zero configuration of the slosh mode 
canceled for the CSM full cases (figures 29 and 3l). Slosh mode phase 
margins for the half-full and quarter- full cases were 45 and 31 degrees 
respectively (see figures 33? 35? 37? and 39). The first bending modes 
of the quarter-full cases were attenuated by at least 35 db below the 
amplitude required for instability. Resonance peaks for modes in other 
cases were 50 db or more below unity gain. 

Gain-phase plots for the CSM alone SCS autopilot are presented in 
figures 1(3 through 45. This analysis is performed in the S-p^ane. The 
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following SPS propellant loadings were used: full-load, half-full 

load, and quarter-full load. The slosh mode of the fully loaded CSM 
in the pitch channel is a pole before zero mode in the airframe transfer 
function, which is much more difficult to compensate for by use of' 
control filter dynamics. Figure 40 shows that this case has a gam 
margin of only 7-6 db. The rigid tody gain and phase margins for this 
propellant load are 23 db and 31 degrees. The pole and zero for the 
slosh mode in the yaw channel of the fully loaded CSM (figure 4l) was 
canceled by the digital program used in the analysis. Rigid body gain 
and phase margins were 25 dh and 28 degrees respectively for this case. 
CSM half-full rigid body margins m each channel were 23 db and 32 
degrees (figures 42 and 43). The slosh mode peaked to -3 db, but there 
would have been adequate phase margin had it crossed the 0 db line. 

The CSM quarter load rigid tody margins were 20 db and 35 degrees in 
each channel with a slosh mode phase margin of 36 degrees (figures 44 
and 45). All bending modes with this autopilot were attenuated to at 
least 40 db below unity gain, except for the quarter-full yaw plane 
case. The gam margins of the first three bending modes for this case 
were 21 db, 24 db, and 29 db. 

A summary of significant stability margins computed in this 
analysis are presented in Table III. 

CONCLUSIONS 

Stability data for nominal Apollo spacecraft systems are presented 
for all cases of SPS powered flight where bending data existed. Nominal 
bending margins were found to be adequate in all cases. Rigid body gam 
margin was found to be somewhat lower than expected for the CSM/lM 
docked configuration under DAP control. The gain at this low frequency 
would only be affected by very minor uncertainty in the data; therefore, 
they are judged to be adequate. The sloshing propellant margins were 
found to be rather low for the CSM/LM with half-full and quarter-full 
propellant loadings using the SCS autopilot. Due to very small residue 
in unstable slosh poles for the Apollo control systems these low phase 
margins are not expected to present any significant stability problem. 
This position has been substantiated by time domain simulations 
performed at North American Rockwell .Corporation under sponsorship of 
the Guidance and Control Division. 
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TABLE I 

PARAMETERS USED IN THE ANALYSIS 


Actuation System and SCS Electronics 


Symbols 

Units 

R 

ft 

K 

l/sec 

n 

sec/rad 

r 2 

sec/rad 

K 

rad/rad 

% 

lb/ft 

kl 

lb/ft 

% 

Ib/ft 


ft-lb-sec 


fn-lb-sec 

K S 

ma/rad 

**0 

ft-lbs/ma 


Nominal Values 
Pitch Yaw 


0.9875 

1.032 

0.09 

0.09 

0.02 

0.02 

0.0333 

0.0333 

1.0 

1.0 

3.192 x 10 6 

3.196 x 10 ( 

0.984 x 10 6 

1.302 x 10 ( 

1.86 x 10 6 

1.296 x 10 ( 

69.6625 

65.4884 

1249.9994 

1129.30724 

20,000 

20,000 

2.9 

2.9 


CSM/LM half -full and quarter-full Kq = 2.8 
CSM alone half-full and quarter full Kq = 2.5 



Table I continued 


CSM Alone Pitch Plan e 


Symbols 

Units 

Full 

1-Full 

1-Full 

M J1 

slugs 

12 

12 

12 

M J2 

II 

12 

12 

12 


11 

12 

12 

12 


rad/ft 

-0.00020S 

0.0007380 

0.0034272 

^2 

11 

-0,000603 

0.0040224 

-0.0117312 

°3 

it 

-0.001228 

-0.0009096 

-0.005094 


ft/ft 

0.003960 

-0.01351 

-0.02588 

02 

n 

0.003570 

-0.05709 

0.06561 

03 

it 

0. 01628 

0.009981 

0.02934 

1 1 

N.D. 

0.005 

0.005 

0.005 

fa 

IT 

0.005 

0.005 

0.005 

h 

It 

0.005 

0.005 

0.005 

W'l 

rad/ sec 

33.28 

36.16 

71.53 

tdg 

it 

37.87 

41.45 

78.14 

U3 

it 

41.43 

45.62 

80. 40 

’(mu) 

rad/ft 

0.000375 

0.0002124 

0.002502 

*n ( imu) 

it 

0.000329 

0.0014592 

-0.0084048 

^(m) 

If 

0.000132 

-0.0002004 

-0.0047604 



Table I continued 


CSM Alone Ya~w Plane 


Symbols 

Units 

Full 

i-Fidl 

x-Full 

M J1 

slugs 

12 

12 

12 

M J2 

H 

12 

12 

12 

m J3 

U 

12 

12 

12 

*1 

rad/ ft 

- 0.000294 

0,0018768 

0.0081888 


n 

0.000410 

0.0007032 

0.007474$ 

°3 

ti 

-O.OOO36O 

0.0037944 

-0.0108624 

h 

ft/ft 

0.01451 

• -0,04017 

-0.05328 

$ 2 

11 

-O.OII63 

-0,008830 

-0.01395 

h 

- 11 

* 0,01270 

-0.05687 

0.01545 

Fl 

N.D. 

0,005 

0,005 

0.005 

i 2 

it 

0.005 

0.005 

0.005 

^3 

n 

0,005 

0.005 

0.005 

U 1 

rad/sec 

33.2S 

36,16 

71.53 


1! 

37.87 

41.45 

78.14 


II 

41.43 

45 o62 

80. 40 

^IMJ) 

rad/ft 

-0.0000917 

0.0009240 

.0056743 


it 

-0.0000790 

0.0004476 

.0026556 

°~(IMU) 

it 

-0.000206 

0.0013908 

-.004566 



Table I continued 


Sloshing Mode Data 
CSM/LM Pi t ch Plane 


Svmbol 

Units 

Full 

/-Full 

/-Full 

CSM-104/LM-3 

Mj 

slugs 

40.56 

53.28 

49.285 

39.82 

m 2 

ii 

4-3.62 

48.62 

48.62 

49.03 

m 3 

ii 

17.22 

17.22 

17.22 

14.77 

^1 

ft 

8.834 

12.042 

17.966 

10.624 

^2 

it 

-18.654 

-16.355 

-14-300 

-18.54 

*^3 

n 

-13.462 

-11.163 

-9.093 

-13.322 


N.D. 

0. 0007 

0.0007 

0.0007 

0.0007 

? 2 

N.D. 

0.0007 

0.0007 

0.0007 

0.0007 

^3 

N.D. 

0.0007 

0.0007 

0.0007 

0.0007 


rad/sec 

2.745 

2.9 

2.909 

2.634 


ii 

3.367 

3.367 

3.367 

3. 381 

U 3 

n 

3.723 

3.723 

3.723 

3.738 



CSM/LM 

Yay Plane 



Mi 

slugs 

40.56 

58.28 

49.285 

39.82 

m 2 

II 

48.62 

48.62 

48.62 

49.03 

m 3 

II 

17.22 

17.22 

17.22 

14.77 

r H 

ft 

8.834 

12.042 

17.966 

10.624 

*2 

II 

-18.654 

-16.355 

-14.300 

-18.54 

i 3 

11 

-13.462 

-11.163 

-9.093 

-13.322 

h 

N.D. 

0,0007 

0.0007 

0.0007 

0.0007 

h 

N.D. 

0.0007 

0.0007 

0.0007 

0.0007 

h 

N.D. 

0.0007 

0.0007 

0.0007 

0.0007 

w i 

rad/ sec 

2.745 

2.9 

2.909 

2.634 

^2 

it 

3.367 

3.367 

3.367 

3.381 

*6 

it 

3.723 

3.723 

3.723 

3.738 



Table I continued 


GSM/LM Yavi Plane 


Symbols 

Units 

Full 

-o-Full 

x-Full 

GSrt-10i/LM-3 

M J1 

slugs 

12 

12 

12 

12 

M J 2 

If 

12 

12 

12 

12 

Mj 3 

If 

12 

12 

12 

12 


rad/ft 

- 0.0048 

0.0060 

- 0.0048 

- 0.0048 

^2 

ff 

-0.0072 

-0.0072 

-0.0084 

-0.0072 

cr 3 

if 

- 0.0036 

-0.0024 

-0.00084 

- 0.0036 

01 

ft/ft 

0.0329 

-0.0521 

0 . 0446 

0.0329 

02 

rt 

0.0518 

0.0549 

0.0763 

0.0518 

03 

f! 

0.0292 

0.0272 

0.0144 

0.0292 

rH 

V\ 

H.D. 

0.005 

0.005 

0.005 

0.005 

12 

if 

0,005 

0.005 

0.005 

0.005 

?3 

I! 

0.005 

0.005 

0.005 

0.005 

LUl 

rad/sec 

13.06901 

13.82301 

14.0744 

13.06901 

^2 

ft 

14.19999 

14-57699 

14.9540 

14.19999 

u/ 3 

It 

15.33096 

15.51947 

18.6611 

15.33096 

°llMU) 

rad/ft 

- 0.0036 

0.0048 

-0.0048 

-0.0036 


ft 

-0.0060 

-0.0048 

-0.0072 

-0.0060 

^(IMU) 

f) 

-0.0024 

-0.0024 

-0.0012 

-0.0024 



Table I continued 


Rigid Body 
CSM/LM Pitch Plane 


Symbols 

Units 

Full 

4-Full 

4-Full 

CSM-104.76M-3 

M 

slugs 

2665.1 

2214.31 

1906.8 

2644.1 


slugs 

27.795 

27.795 

27.795 

27.795 


ft 

0.342 

0.342 

0.342 

0.342 

Ac 

ft 

17.179 

19.479 

21.533 

17.047 

Ia 

slug-fb 2 

493507 

386747 

333107 

434771 


slug-ft 2 

236.0 

236.0 

236.0 

236.0 

F 

lbs 

20,000 

20,000-“ 

20,000 

20,000 



CSM/LM Yau Plane 



M 

slugs 

2665.1 

2214o3 

1906. 8 

2644.1 

M e 

slugs 

27.795 

27.795 

27.795 

27.795 

*. 

ft 

0.200 

0.200 

0.200 

0.200 

4 

ft 

17.179 

19.479 

21.533 

17.047 

lA 

slug-ft" 

493499 

396747 

333966 - 

439609 


slug-ft 2 

245.9 

245.9 

245.9 

245.9 

F 

lbs 

20,000 

20, 000 

20, 000 

20,000 



Table I continued . 


Bending Parameters 


CSM/LM Fitch Plan e 


Symbols 

Units 

Full 

Mjl 

slugs 

12 

%2 

It 

12 

Mj 3 

11 

12 

r 1 

rad/ft 

0.0084 

<T 2 

n 

-0.004S 

^3 

n 

-0.0012 

h 

ft/ft 

-0.0602 

$2 

u 

0.0337 


n 

0.0159 

*1 

N.D. 

0.005 

*2 

n 

0.005 

^3 

ii 

0.005 


rad/see 

13.06901 

t^ 2 

ti 

14.19999 


ii 

15.33096 


rad/ft 

0.0072 

^(MJ) 

ii 

-0.0036 

(IMU) 

ii 

-0.0072 


i-Full 

i-Full 

CSM-104/LM-3 

12 

12 

12 

12 

12 

12 

12 

12 

12 

-0.0034 

0.0096 

0.0034 

-0.0060 

-O.OO48 

-0.004S 

-0.0024 

-0.00036 

-0.0012 

0.C676 

-0.0319 

-0.0602 

0.0474 

0.0451 

0.0337 

0.0309 

-0.0110 

0.0159 

0.005 

0.005 

0.005 

0.005 

0.005 

0.005 

0.005 

0.005 

0.005 

13.S2301 

I4o0744 

13.06901 

14.57699 

14.9540 

14.19999 

15.51947 

IS. 6611 

15.33096 

-0.0072 

0.0084 

0.0072 

-0.004S 

-0.0043 

-0.0036 

-0.0012 

-o. 00024 

-0.0072 



Table I continued 


CSM Alone Pitch Plane 


Symbols 

Units 

Full 

i-Full 

i-Full 

M 

slugs 

1882.1 

1263.8 

978.6 

M 

il e 

slugs 

27.795 

27.795 

27.795 

JU 

ft 

0.342 

0.342 

0.342 

4 

ft 

8.634 

9-394 

IO .406 

Ia 

slug-ft 2 

80732 

68948 

60623 

•^e 

slug-ft 2 

236.0 

236.0 

236.0 

F 

lbs 

20,000 

20,000 

20,000 


GSM Alone Yaw Plane 


M 

slugs 

1882.1 

1263.8 

978.6 

M e 

slugs 

27.795 

27.795 

27 0 795 

*3 

ft 

0.200 

0.200 

0.200 


ft 

8.634 

9.394 

10.406 

IA 

slug-ft 2 

80741 

69014 

60698 


slug-ft 2 

245.9 

245.9 

245.9 

F 

lbs 

20,000 

20, 000 

20,000 



Table I continued 


CSVl Alone Pitch Plane 


Symbol 

Units 

Full 

1-Full 

1-Full 

M 

slugs 

40.56 

53.23 

55.24 

JL 

ft 

0.287 

1.963 

7.418 

i 

H.D. 

0,0007 

0.0007 

0.0007 

id 

rad/sec „ 

3.40 

3.88- 

4o42 




CSM Hone Yau 

Plane 


M 

slugs 

40.56 

58.28 

55.24 

X 

ft 

0.287 

1.963 

7.418 

? 

N.D. 

0.0007 

0.0007 . 

0.0007 

UJ 

rad/sec 

3.40 

3.88 

4.42 


Gain Factor of T VC DAP for CSM/LM Pitch Plan e 


Symbol 

Units 

Full 

1-Full 1-Full 

CSM-104/LM-3 

k 2 

l/sec 2 

0.00284 

0.00199 0.00167 

0.00279 


Gain Factor of TVC 

DAP for CSM/tM Yaw Plane 

K z 

l/sec^ 

0.00284 

0 . 00204 . 0.00169 

0.00281 


Gain Factor 

of TVC DAP 

for CSM Alone Pitch Plane 

K s 

l/see 2 

4.10932 

3.30924 2.87380 



Gain Factor of TVC DAP for CSM Alone Yau 

Plane 


l/sec 2 

4.10982 

3.30924 2.87380 




TABLE II 


LIST OF SYMBOLS 

Actuation System and SOS Electronics 
Actuator damping factor, ft-lb-sec 

Rotary inertia of actuator clutch-bull gear assembly, 

ft-lb-sec^ 

Actuator arm stiffness, lb/ft 

Actuator clutch gain, ft-lb/ampere 

Thrust strut plus gimbal ring stiffness, Ib/ft 

Servo amplifier gain, amp/rad 

Actuator mount stiffness, lb/ft 

Actuator position feedback gain, rad/rad 

Actuator rate feedback gain, rad/rad/sec 

Clutch lead time constant, sec 

Clutch lag time constant, sec 


Rigid Body 

Mass of vehicle without engine and slosh masses, slugs 
Mass of engine, slugs 

Distance from engine hinge point to engine center of 
mass, ft 

Distance from engine hinge point to vehicle center of 
mass, ft 

Moment of inertia about vehicle center of mass without 
engine inertia, ft-lb-sec 

Moment of inertia about engine center of mass, ft-lb-sec 
Thrust of engine, lb 



Table II continued 


Bending Parameters 

M * Generalized mass of the bending mode, slugs 

** i-. 

CTi(x) Normalized slope of the i^ n bending mode 

Normalized displacement of the i ^ 1 bending mode at 
J ‘ “ '' location x, ft/ft 

Damping ratio the i^ bending mode, n.d. 

it 

OJ ^ Natural frequency of the i h bending mode, rad/sec 




UJ 


Slosh Parameters 

Mass of the j slosh mode, slugs 

Distance between vehicle center of mass and attach 
point of the i^ 1 slosh mass, positive -when slosh mass 
attach point is aft of vehicle center of mass, ft 

it 

Damping ratio of slosh mode, n.d. 

Natural frequency of the i^ 1 slosh mode, n.d. 



TABLE III 

SUMMARY OF SIGNIFICANT STABILITY MARGINS 


Thrust Vector Control Digital Autopilot 
Rig i d Body 



Full 

1 

Full 

i 

4~ 

Full 

CSM-1Q4/LM-3 


Gain 

i 

Phase 

i 

Gain 

Phase 

Gain ■ 

Phase 

Gain 

Phase 

GSM/LM Pitch Channel 

5.8 

41.3 

5.6 

41.2 

5.1 1 

39.6 | 

5.7 

41.5 

CSM/LM Yaw Channel 

5.6 

41.3 

5.6 

41.2 

5.! 

39.7 

5.7 

41.5 

CSM Pitch Channel 

9.4 

48.2 

11.1 

49 

9.4 ! 

i 

48.7 



CSM Yaw Channel 

11.2 

49.2 

10.5 

49 

9.4 

48.7 




Slosh 


CSM Pitch Channel 

— 

— 

— 

45 

— 

31.3 

— 

— 

CSM Yaw Channel 

— 

— 

— 

- 45 

— 

30.2 

— 

— 



Table III continued 


Stabilization Control Syst em 
R igid Body 




Full 

L -o'-Full I 

4-Full | 

CSM- 

104/LM-3 


Gain 

Phase 

Gain 

Phase 

Gain 

Phase 

Gain 

Phase 

CSM/LM Pitch Channel 

22 

47.3 

20 

46.5 

13 

43.5 

24 

47.7 

CSM/L.M law Channel 

22 

47.3 

20 

46.5 

14 

44 

24 

47.7 

GSM Pitch Channel 

23 

31 

23 

31 

20 

35 

__ 


CSM Yaw Channel 

25 

28 

23 

33 

Slo 

20 

sh 

35 



CSM/LM Pitch Channel l) 

— 

— 


20 

15 




69 

2) 

— 

— 

—— 

— 

33 

— 

. 

— 

CSM/LM law Channel l) 

— 

— 

— 

22 

15 

— 

— 

69 

2) 



— 

— 

40 

— 

— 

— 

CSM Pitch Channel 

, . 1 

. . , 

1 

1 

___ __ 

__ 

36 

1 

, % 

CSM Yaw Channel 

: 

i 


Bend 

i m 

36 

1 


- 

CSM Yaw Channel l) 

1 

— 

— 

— 

21 

1 

1 

— 

2) 

— 

— 

— 

— 

29 

— 


— 

3) 

— 

— 

i [ 

— 

24 

— — 


— 




Figure 1 . - TVC DAP attitude control system. 
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Figure 2. - Stablization control system autopilot. 
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Figure 3 
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W-PLANE FREQUENCY KESPONE OF THE 
UNCOMPENSATED SYSTEM 
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Figure 5 


W -PLANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE DAP 
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Figure 6 


W -PLANE FREQUENCY RESPONSE OF THE 
UNCOMPENSATED SYSTEM 
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W-PLAME FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE DAP 
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Figure 8 

W -PLANE FREQUENCY RESPONSE OF THE 
UNCOMPENSATED SYSTEM 
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Figure 9 

W- PLANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE DAP 
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Figure 10 

W -PLANE FREQUENCY RESPONSE OF THE 
UNCOMPENSATED SYSTEM ' 
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Figure 11 

W-PIAME FREQUENCY RESPONSE OF %E^ 

COMPENSATED SYSTEM USING THE DAP '' 
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Figure 12 

W -PLANE FREQUENCY RESPONSE 0? THE UNCOMPENSATED SYSTEM 
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Figure 13 

¥ -PLANE FREQUENCY RESPONSE OF THE COMPENSATED SYSTEM USING THE DAP 
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Figure 1*+ 

W-PIANE FREQUENCY RESPONSE OF THE 
UNCOMPEKSATED^SYSmi . 
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Figure 15 

W-PLANE FREQUENCY RESPONSE OF THE COMPENSATED 
SYSTEM USING IKS DAP ' 



w <9 D * * ~ > Q 







o «t - TL I o m <n 






O < - » I Qffin 



Figure 18 

W PLANE FREQUENCY RESPONSE 0? THE 
UNCOMPENSATED SYSTEM 
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Figure 20 

S-PLANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE SC8 
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Figure 21 

S-PLANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE SCS 
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Figure 23 

S-l'uANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USINGS THE SC3 











Figure 25 

S-PLA'JE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE SCS 
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Figure 2 . 6 / ^ 

S-7LANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE SCS 
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Fxgure 27 

S-PLANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE SOS 
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Figure 28 

W-PLANE FREQUENCY RESPONSE OF' THE 
UNCOMPENSATED SYSTEM 
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Figure 29 

W-PLANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE DAP 
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Figure 30 

W-PLANE FRE^j'ENCI RESPONSE OF THE 
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Figure 3F 

W-PLANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE DAP 
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Figure 32 

W-FLANE FREQUENCY RESPONSE OF THE 
UNCOMPENSATED SYSTEM 
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Figure 3S 

W-PLANE FREQJENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE DA? 
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Figure 34 ^ N 
W-PLANE FREQUENCY RESPONSE OF THE 
UNCOMPENSATED SYSTEM 





Figure 35 

W-PLANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE DAP 
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Figure 3 6 

W-PLANE FREQUENCY RESPONSE' OF THE 
UNCOMPENSATED SYSTEM 
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Figure 37 „ 

W-PLANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE DAP 
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Figure 38 

W-PLANE FREQUENCY RESPONSE OF THE 
iW COMPENSATED SYSTEM 
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Figure 39 

W-PLANE FREQUENCY RESPONSE OF THE 

COMPENSATED SYSTEM USING' THE DAP 
/* ** 




Figure 40 

S-PLANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE SCS 
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Figure hlS 

S-PLME FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE SOS ' 
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Figure k2 

S-PLANE FREQUENCY RESPONSE^ OF THE 
COMPENSATED SYSTEM USING THE SCS 





Figure k5 ' 

S-PLANE FREQUENCY RESPONSE OF THE 
COMPENSATED SYSTEM USING THE SCS 







